We have studied the effect of retinoic acid on the expression of the neurotrophin receptors trkA, trkC, and p75 by neuroblasts and neurons at different axial levels along the embryonic mouse paravertebral sympathetic chain. In dissociated cultures of sympathetic neuroblasts, retinoic acid inhibited the developmental increase in trkA mRNA expression and the developmental decrease in trkC mRNA expression that normally occurs in these cells but did not affect p75 mRNA expression. At higher concentrations, retinoic acid also increased the proliferation of sympathetic neuroblasts. After sympathetic neuroblasts became postmitotic, retinoic acid no longer affected receptor expression. Studies with retinoic acid receptor agonists and antagonists indicated that the effects of retinoic acid on neurotrophin receptor expression were mediated mainly by ␣ retinoic acid receptors, not ␤ or ␥ receptors. The observation that ␣-antagonists increased trkA mRNA expression in intact sympathetic ganglion explants suggests that endogenous retinoic acid is a physiological regulator of trkA receptor expression.
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Neurons of the developing peripheral nervous system depend for survival on one or more neurotrophins (Davies, 1994; Lewin and Barde, 1996) . The trophic effects of these proteins are mediated by the Trk family of receptor tyrosine kinases (Barbacid, 1994; Bothwell, 1995) . TrkA is a receptor for nerve growth factor (NGF), TrkB is a receptor for brain-derived neurotrophic factor (BDN F) and neurotrophin-4 (N T4), and TrkC is a receptor for neurotrophin-3 (N T3). Neurotrophins also bind to another transmembrane glycoprotein, p75 (Bothwell, 1995) , which modulates the response of cells to neurotrophins Lee et al., 1994; Ryden et al., 1995) and in certain cells mediates a cytotoxic response (Rabizadeh et al., 1993; Barrett and Bartlett, 1994; C asaccia-Bonnefil et al., 1996; Frade et al., 1996; Van der Zee et al., 1996; Bamji et al., 1998; Davey and Davies, 1998) .
The response of neurons to neurotrophins changes during development. Some neurons are not dependent on neurotrophins for survival during the earliest stages of axonal outgrowth (Davies and L umsden, 1984; Coughlin and Collins, 1985; Ernsberger and Rohrer, 1988; Ernsberger et al., 1989; Vogel and Davies, 1991) , and some neurons switch their survival requirements from one neurotrophin to another during development (Buchman and Davies, 1993; Paul and Davies, 1995; Farinas et al., 1996; Piñón et al., 1996; Wilkinson et al., 1996) . The onset of the survival responses of developing neurons to NGF and BDN F is correlated with marked increases in the expression of the corresponding Trk receptors Davies, 1993, 1995; Ninkina et al., 1996; Robinson et al., 1996; Holst et al., 1997) . However, little is known about how Trk expression is regulated.
The timing of neurotrophin responsiveness and receptor expression has been studied extensively in paravertebral sympathetic ganglia. These ganglia initially contain dividing cells that exhibit various neuronal features (Cohen, 1974; Rothman et al., 1978 Rothman et al., , 1980 Anderson and Axel, 1986; Rohrer and Thoenen, 1987; DiCicco-Bloom and Black, 1988; DiCicco-Bloom et al., 1990) . These proliferating sympathetic neuroblasts survive independently of neurotrophins (Ernsberger et al., 1989; Wyatt and Davies, 1995) but depend in part on hepatocyte growth factor for survival (Maina et al., 1998) . Postmitotic sympathetic neurons become dependent on NGF for survival (Johnson et al., 1980; Levi-Montalcini, 1987; Crowley et al., 1994; Smeyne et al., 1994) . The onset of NGF dependence is correlated with a marked increase in trkA expression (Wyatt and Davies, 1995; Holst et al., 1997) . The sensitivity of sympathetic neurons to NGF is enhanced later in embryonic development by p75 (Lee et al., 1994) , whose expression increases markedly at this time and approaches that of trkA postnatally (Wyatt and Davies, 1995; Horton et al., 1997) . Although sympathetic neuroblasts and early sympathetic neurons express high levels of trkC mRNA and survive longer in the presence of NT3 in vitro (Birren et al., 1993; Dechant et al., 1993; DiCicco-Bloom et al., 1993) , detailed analysis of nt3 Ϫ/Ϫ mice has shown that endogenous NT3 is not required for sympathetic neuroblast survival in vivo but that some sympathetic neurons acquire dependence on NT3 late in embryonic development after becoming dependent on NGF for survival .
In vitro studies of sympathetic neuroblasts cultured from the lumbar paravertebral sympathetic chain of chicken embryos have shown that retinoic acid induces trkA expression and the onset of NGF dependence (Rodriguez-Tebar and Rohrer, 1991; Holst et al., 1995 Holst et al., , 1997 . In contrast, our present studies of sympathetic neurons cultured from three different levels of the paravertebral sympathetic chain of mouse embryos demonstrate that retinoic acid has the opposite effect. Retinoic acid prevents the normal developmental increase in trkA mRNA expression in sympathetic neuroblasts and has the reciprocal effect on trkC expression. Our finding that these effects of retinoic acid are mediated at least in part by ␣ retinoic acid receptors (R ARs-␣) and that RAR-␣ antagonists accelerate trkA mRNA expression in explant cultures suggests that endogenous retinoic acid plays a role in regulating trkA receptor expression during development.
MATERIALS AND METHODS
Neuron cultures. Mouse embryos were obtained from overnight matings of CD1 mice. T ungsten needles were used to dissect superior cervical sympathetic ganglia (SCG), thoracic paravertebral sympathetic ganglia, and lumbar paravertebral sympathetic ganglia from embryos of 13.5, 14.5, and 15.5 d gestation (morning of vaginal plug was considered to be 0.5 d of gestation). The ganglia were trypsinized, dissociated, and plated at low density in polyornithine/ laminin-coated 35-mm-diameter plastic tissue culture dishes (500 -2000 neurons per dish) containing defined medium as described previously (Wyatt and Davies, 1993) . The cultures were incubated at 37°C in a 5% C O 2 incubator for 24 or 48 hr. The number of attached neuroblasts or neurons within a 12 ϫ 12 mm square in the center of each dish was counted 6 hr after plating. The number of surviving neuroblasts or neurons in the same area was counted at intervals and expressed as a percentage of the initial number of neurons counted. In each experiment, triplicate cultures were set up for all conditions. E xplant cultures were grown in four-well dishes (Nunclon) with two explants per well in 0.5 ml medium. Unless stated otherwise, all cultures received 5 ng /ml NGF (gift of John Winslow and Gene Burton, Genentech, San Francisco, CA).
Retinoids were dissolved in DMSO at concentrations of 10 -50 mM and subsequently diluted in medium to the concentrations indicated. The RAR-␣-selective agonists Ro 40-6055 and Ro 40-6973 (Am-80), the RAR-␤-selective agonist Ro 19-0645, the R AR-␥-selective agonist Ro 44-7081, and the R AR-␣-selective antagonist Ro 41-5253 were generously provided by Dr. M. K laus (Novartis, Basel).
Quantification of neurotrophin receptor mR NA levels. A quantitative, competitive RT-PCR technique (Wyatt and Davies, 1993) was used to measure the levels of trkA, trkC, p75, and glyceraldehyde phosphate dehydrogenase (GAPDH) mRNAs in total RNA extracted from cultures. The RT and PCR reactions were calibrated by the inclusion of known amounts of cRNA competitor templates for each of the mRNAs in the RT reaction. The cRNA competitor templates were synthesized in vitro from cDNA competitor constructs. The details of the primers, control templates, reaction conditions, and quantification are provided elsewhere (Wyatt and Davies, 1993; Wyatt et al., 1997) .
Neuroblast proliferation. Neuroblast proliferation was studied by determining the number of neuroblasts that incorporated bromodeoxyuridine (BrdU) into their nuclei using immunocytochemistry. C ells were plated in the 11 mm wells of four-well dishes (Greiner), BrdU was added after a 3 hr incubation, and the cultures were fixed after a f urther 12 hr incubation in methanol (Ϫ20°C for 15 min). The cells were stained for nuclear BrdU incorporation following the manufacture's instructions (C ell Proliferation kit, Amersham, Arlington Heights, IL). The number of BrdU-positive cells is expressed as a percentage of total cell number. The great majority of labeled cells exhibited the typical morphology of sympathetic neuroblasts (Maina et al., 1998) ; the very small number of fibroblast-like cells in these cultures was not included in the analysis.
RESULTS

Retinoic acid reduces trkA mRNA expression in sympathetic neuroblasts
Competitive RT-PCR was used to measure the level of trkA mRNA in low-density dissociated cultures established from the SCG, thoracic ganglia, and lumbar ganglia of the embryonic mouse paravertebral sympathetic chain at intervals during its early development. Ganglia from different axial levels were analyzed because there is evidence that they are derived from distinct lineages and differ in their dependence on survival factors (Durbec et al., 1996; Moore et al., 1996) . Unless stated otherwise, NGF was added to all cultures to sustain the survival of postmitotic sympathetic neurons. Although very few NGF-dependent postmitotic neurons were present in embryonic day (E) 13.5 cultures, the numbers of these neurons increased markedly by E15.5 (Wyatt and Davies, 1995) . The level of trkA mRNA increased from E13.5 to E15.5 in cultures without added retinoic acid ( Fig. 1) . At each age, the level of trkA mRNA was highest in cervical cultures and lowest in lumbar cultures ( Fig. 1) , reflecting the rostrocaudal sequence of neuronal development in the sympathetic chain.
At E13.5, when the majority of cells in the chain are proliferating sympathetic neuroblasts, retinoic acid caused a marked, dose-dependent decrease in trkA mRNA expression (Fig. 1 A) . After 48 hr, the level of trkA mRNA was significantly lower in cultures supplemented with 10 Ϫ10 M retinoic acid compared with cultures containing NGF alone ( p Ͻ 0.05, for all regions, t tests), and progressively greater reductions were observed in cultures containing higher concentrations of retinoic acid. At the highest concentration used (10 Ϫ6 M), the level of trkA mRNA was ϳ95% lower than in cultures not containing retinoic acid (Fig. 1 D) . Although the data reported in Figure 1 are taken from NGFsupplemented cultures, very similar results were obtained from E13.5 cultures grown without NGF (data not shown).
At E14.5, when the earliest sympathetic neurons in the chain become dependent on NGF for survival but a large number of proliferating sympathetic neuroblasts still remain (Wyatt and Davies, 1995) , retinoic acid also caused a large decrease in trkA mRNA expression (Fig. 1 B) . However, the decrease was not as pronounced as that observed at E13.5. By 48 hr, the percentage reduction in the presence of 10 Ϫ6 M retinoic acid ranged from 94% for lumbar cultures to 60% for SCG cultures, with a mean decrease of ϳ75% (Fig. 1 D) .
At E15.5, when the majority of cells in the chain are postmitotic sympathetic neurons that have become dependent on NGF for survival but a small number of proliferating neuroblasts remain (Wyatt and Davies, 1995) , retinoic acid had a negligible effect on trkA mRNA expression (Fig. 1C) . The mean percentage decrease in the presence of 10 Ϫ6 M retinoic acid was only 23% ( Fig. 1 D) ; however, this decrease was statistically significant ( p Ͻ 0.001, t test). The age-related changes in the effect of retinoic on trkA expression is summarized in Figure 1 
D.
To exclude the possibility that the reduction in trkA mRNA expression in the presence of retinoic acid was caused by a toxic effect of this reagent, we compared the number of neurons surviving in cultures containing NGF plus different concentrations of retinoic acid with the number in cultures containing NGF alone. In each set of cultures after 48 hr incubation, there was no significant difference in percentage survival in cultures containing NGF alone and cultures containing NGF plus retinoic acid at each of the concentrations used (data not shown). The percent survival in E13.5 cervical and thoracic cultures ranged between 85 and 100% and was lower in E13.5 lumbar cultures (between 48 and 65%). The percentage survival in E14.5 cultures of all regions ranged from 42 to 77% and in E15.5 cultures ranged from 64 to 77%. In the absence of NGF, the percentage survival fell from a mean of 78% in E13.5 cultures to 24 and 4% in E14.5 and E15.5 cultures, respectively.
To ascertain how the expression of trkA mRNA changes with time in culture in the presence and absence of retinoic acid, the level of trkA mRNA was measured at intervals from the time of plating to 48 hr incubation. In E13.5 cultures, a small decrease in trkA mRNA expression was consistently observed under both conditions during the first 9 hr in vitro (Fig. 2) . After this time, the level of trkA mRNA in cultures without retinoic acid increased markedly, mirroring the developmental increase in trkA mRNA expression in vivo (Wyatt and Davies, 1995) , whereas in the presence of retinoic acid the level of trkA mRNA remained low. The increase in trkA mRNA expression in cultures without retinoic acid was observed both in the presence and absence of NGF (data not shown). Thus, the reduced level of trkA mRNA expression observed in sympathetic neuroblasts cultured for 48 hr with retinoic acid is attributable to an inhibition of the developmental rise in trkA mRNA expression rather than to a further reduction in trkA mRNA expression.
Retinoic acid increases trkC mRNA expression in sympathetic neuroblasts
Alternative splicing generates transcripts that encode TrkC variants that possess or lack the intracellular tyrosine kinase domain (Lamballe et al., 1993; Tsoulfas et al., 1993; Valenzuela et al., 1993) . The levels of mRNAs encoding catalytic (TK ϩ ) and non- catalytic (TK Ϫ ) TrkC variants were measured by competitive RT-PCR . In contrast to the repression of trkA mRNA expression by retinoic acid, the level of trkC TK ϩ mRNA in cultures of E13.5 cervical, thoracic, and lumbar sympathetic neuroblasts was substantially elevated by retinoic acid (Fig. 3A) . A dose-dependent increase in trkC TK ϩ mRNA was observed over the 10 Ϫ10 to 10 Ϫ6 M range, with a sixfold increase at the highest concentration (Fig. 3D) . Retinoic acid also caused a marked increase in trkC TK ϩ mRNA expression in E14.5 cultures, although the increase was not as pronounced as that observed in E13.5 cultures (Fig. 3B) . By 48 hr, there was a fourfold increase in the presence of 10 Ϫ6 M retinoic acid (Fig. 3D) . In E15.5 cultures, retinoic acid had no effect on trkC TK ϩ mRNA expression (Fig.  3C ). In addition to the age-related effects on trkC TK ϩ expression, retinoic acid had very similar effects on trkC TK Ϫ mRNA expression in these cultures (data not shown).
Retinoic acid does not affect p75 mRNA expression
In addition to studying the effect of retinoic acid on the expression of trkA and trkC transcripts in developing sympathetic neuroblasts and neurons, we used competitive RT-PCR to measure the level of p75 mRNA in the same cultures. In contrast to the marked effect of retinoic acid on the expression of trkA and trkC mRNAs in sympathetic neuroblasts, the level of p75 mRNA was very similar in the presence and absence of retinoic acid in cultures established from all axial levels of the sympathetic chain and at all ages studied (Fig. 4) .
RAR-␣ mediates the effects of retinoic acid on sympathetic neuroblasts
Two families of nuclear receptors mediate the actions of retinoic acid: the R ARs and the retinoid X receptors, each consisting of at least three members, ␣, ␤, and ␥ (Leid et al., 1992) . To ascertain which R AR subtypes mediate the effects of retinoic acid on trkA mRNA expression, we studied the effects of RAR subtype-selective synthetic retinoid agonists (Apfel et al., 1992; Armstrong et al., 1994) . Figure 5 shows that only ␣-selective retinoid agonists were effective in reducing trkA mRNA expression in cultures of E13.5 sympathetic neuroblasts. Neither ␤-selective nor ␥-selective retinoids had significant effects on trkA mRNA expression in these cultures ( p Ͼ 0.2, t tests). To investigate further the role of RAR-␣ in mediating the action of retinoic acid on trkA mRNA expression, we studied the effect of an RAR-␣-selective antagonist. This antagonist inhibited the effects of retinoic acid on trkA mRNA expression in a dosedependent manner (Fig. 6 A) . The reduction in trkA mRNA expression by 1 nM retinoic acid was partially inhibited by a tenfold higher level of antagonist and completely inhibited by a 1000-fold excess of antagonist. The effect of 10 nM retinoic acid on trkA mRNA expression was significantly inhibited by the antagonist at 100-and 1000-fold higher concentrations, although the level of trkA mRNA did not reach control levels with a 1000-fold excess of antagonist. On its own, the RAR␣ antagonist did not significantly affect trkA mRNA expression in these low density cultures. Taken together, these results suggest that RAR␣ receptors are responsible for mediating the effects of retinoic acid on trkA mRNA expression in sympathetic neuroblasts.
The evidence suggesting that retinoic acid acts on cultured sympathetic neuroblasts via RARs-␣ provided an opportunity to investigate the physiological significance of the effects of retinoic acid on trkA mRNA expression during development. We reasoned that if sympathetic neuroblasts are normally exposed to retinoic acid within the environment of early paravertebral sympathetic ganglia, inhibiting the action of retinoic acid with the RAR-␣-selective antagonist in ganglion explants should affect trkA mRNA expression. As shown in Figure 6 B, the RAR-␣-selective antagonist caused a significant increase in trkA mRNA expression ( p Ͻ 0.01, t test), whereas retinoic acid prevented the developmental increase in trkA mRNA expression. This effect of the antagonist was observed at a concentration as low as 10 nM, suggesting that the level of retinoic acid to which the neuroblasts are exposed in the ganglion is very low. Higher concentrations (up to 1 M) did not effect a further rise in trkA mRNA (data not shown). These results suggest that retinoic acid normally plays a role in regulating trkA mRNA expression within early sympathetic ganglia. The lack of effect of the RAR-␣-selective antagonist on trkA mRNA in low-density dissociated cultures of sympathetic neuroblasts (Fig. 6 A) is explained by dilution into the culture medium of any endogenous retinoic acid to the point at which it is no longer effective.
Retinoic acid increases the proliferation of sympathetic neuroblasts
In addition to studying the effect of retinoic acid on neurotrophin receptor expression, we investigated its effect on sympathetic neuroblast proliferation using immunocytochemistry to study BrdU incorporation in vitro. In control cultures (NGF alone), almost 10% of E13.5 SCG cells incorporated BrdU into their nuclei during a 12 hr incubation period (Fig. 7A) . This fell to just 1% in E15.5 control cultures in accordance with the reduction in the number of proliferating sympathetic neuroblasts in the SCG by this stage. Retinoic acid increased the number of BrdUpositive cells in E13.5, E14.5, and E15.5 cultures (Fig. 7A) ; the increases at E13.5 and E14.5 were statistically significant ( p Ͻ 0.005, t tests). Similar effects of retinoic acid were observed in E13.5 lumbar sympathetic chain cultures (data not shown). These results demonstrate that retinoic acid is capable of increasing sympathetic neuroblast proliferation throughout the developing paravertebral sympathetic chain.
The effect of retinoic acid on neuroblast proliferation differed in several respects from its effect on trkA and trkC mRNA expression. First, the concentration of retinoic acid required to enhance neuroblast proliferation was much higher than that needed to affect trkA and trkC mRNA expression. In E13.5 cultures (Fig. 7B ), significant enhancement of neuroblast proliferation was observed only at retinoic acid concentrations of 10 Ϫ7 M and greater ( p Ͻ 0.001, t tests), which is 100-to 1000-fold higher than the concentrations of retinoic acid required to cause significant changes in trkA and trkC mRNA expression in neuroblast cultures at the same stage of development (Figs. 1 A, 3A) . Second, studies using RAR subtype-selective synthetic retinoid agonists (Fig. 7C) suggest that activation of both RAR-␣ and RAR-␤ is capable of enhancing neuroblast proliferation. Although only ␣-selective retinoid agonists were effective in reducing trkA mRNA expression (Fig. 5) , both ␣-selective and ␤-selective retinoids significantly increased proliferation ( p Ͻ 0.01, t tests) (Fig. 7C ). Figure 7C also shows that the RAR-␣-selective antagonist substantially reduced the effect of retinoic acid on proliferation but did not completely inhibit this effect, suggesting that the effect of retinoic acid on neuroblast proliferation is mediated in part by R AR-␣. The differences in the concentration ranges over which retinoic acid affects neuroblast proliferation and trk expression and the differences in the synthetic retinoid agonists capable of eliciting these responses suggest that the effect of retinoic acid on Trk mRNA expression is not simply a secondary consequence of a change in neuroblast proliferation.
DISCUSSION
We have shown that retinoic acid has a marked effect on the expression of trkA and trkC mRNAs in dissociated cultures established from cervical, thoracic, and lumbar levels of the early sympathetic chain of mouse embryos. Although retinoic acid causes a marked, dose-dependent decrease in the level of trkA mRNA, it has the opposite effect on the expression of both TK ϩ and TK Ϫ trkC transcripts. The developmental time course of these actions of retinoic acid suggests that it affects the expression Figure 4 . Graphs of the levels of p75 mRNA (relative to GAPDH RNA) in dissociated cultures of E13.5 ( A), E14.5 ( B), and E15.5 ( C) SCG and thoracic and lumbar paravertebral sympathetic ganglia after 48 hr in culture with 5 ng /ml NGF alone and NGF plus retinoic acid over a range of concentrations. The mean and SE of three to eight separate cultures are shown for each data point. D summarizes the changes with age in the relative level of trkA mRNA in SCG, thoracic, and lumbar cultures containing different concentrations of retinoic acid expressed as a percentage of the level in cultures grown without retinoic acid (derived from data shown in A-C).
of neurotrophin receptors mainly, if not exclusively, in sympathetic neuroblasts and not in postmitotic neurons. The effect of retinoic acid on trkA and trkC mRNA is most marked in E13.5 cultures when the sympathetic chain consists predominantly of sympathetic neuroblasts. It becomes less pronounced in E14.5 cultures as many sympathetic neuroblasts in the chain stop dividing and differentiate into postmitotic neurons and is negligible in E15.5 cultures when few sympathetic neuroblasts remain in the chain. Analysis of the changes in trkA mRNA expression in E13.5 neuroblasts with time in culture suggests that retinoic acid inhibits the developmental increase in trkA mRNA that takes place in sympathetic neuroblasts rather than reducing the level of trkA mRNA present at the time of plating.
Our present results are in marked contrast to studies of the effects of retinoic acid on cultured embryonic chicken sympathetic neuroblasts in which it has been shown to induce TrkA expression and the appearance of high-affinity NGF receptors and NGF dependence (Rodriguez-Tebar and Rohrer, 1991; Holst et al., 1995 Holst et al., , 1997 . Our results also differ from those obtained from chicken sympathetic neuroblasts in which it has been reported that retinoic acid does not affect the expression of trkC mRNA (Holst et al., 1995) . It should be pointed out that the differences in the response of chicken and mouse sympathetic neuroblasts to retinoic acid were not attributable to differences in the preparation of retinoic acid or culture media used, because the same media and batches of retinoic acid that induced trkA expression in chicken neuroblasts reduced trkA expression in mouse neuroblasts (data not shown). Likewise, we observed very similar results when mouse sympathetic neuroblasts were grown in serum containing medium using the same batch of serum that had been used in cultures of chicken sympathetic neuroblasts (data not shown). Although the effect of retinoic acid on trkA mRNA expression was negligible in our cultures of embryonic mouse postmitotic sympathetic neurons, it has been shown that treatment of newborn rat SCG neurons with retinoic acid suppresses trkA mRNA expression and induces trkB mRNA expression (Kobayashi et al., 1994) . The physiological relevance of this observation is unclear because sympathetic neurons do not normally express trkB. Retinoic acid, however, has also been shown to influence trkB expression in neuroblastoma cell lines, either increasing (Kaplan et al., 1993) or decreasing it (Ehrhard et al., 1993) . Although retinoic acid does not affect p75 mRNA expression in cultures of chicken sympathetic neuroblasts (Holst et al., 1995) and mouse sympathetic neuroblasts (this study), it has been reported to induce p75 expression in neuroblastoma cells (Haskell et al., 1987; Ehrhard et al., 1993; Kogner et al., 1994) and PC12 pheochromocytoma cells (Scheibe and Wagner, 1992) . However, the physiological significance of these studies of cells lines for the regulation of p75 expression in normal neuroblasts remains unclear. We have also shown that retinoic acid does not affect the expression of either trkA or p75 mRNAs by the sensory neurons of the mouse trigeminal ganglion cultured from E11 and E12 embryos (S. Wyatt and A. M. Davies, unpublished observations) .
Although there seem to be major differences in the effect of retinoic acid on trkA and trkC expression in sympathetic neuroblasts of developing birds and mammals, in both classes of vertebrates the action of retinoic acid appears to be mediated largely, if not exclusively, by the same kind of retinoic acid receptor. In cultures of chicken sympathetic neuroblasts (Holst et al., 1995) and in our present studies of mouse sympathetic neuroblasts, RAR-␣ agonists produce the same effect as retinoic acid, and RAR-␣ antagonists inhibit the action of retinoic acid, suggesting that RARs-␣ mediate these actions. It is possible, however, that the effect of retinoic acid on neuroblast proliferation may be mediated by both RAR-␣ and RAR-␤ receptors because RAR-␣ and RAR-␤ agonists elicit this effect.
Our demonstration that an RAR-␣ antagonist is able to inhibit the action of exogenous retinoic acid on cultured sympathetic neuroblasts allowed us to test whether endogenous retinoic acid might normally play a role in modulating the expression of trkA mRNA in intact sympathetic ganglia. Our demonstration that an RAR-␣ antagonist increases the level of trkA mRNA in early sympathetic chain explants is consistent with this idea. The clear increase in trkA mRNA expression in early sympathetic ganglion explants by low levels of antagonist and the ability of higher levels of exogenous retinoic acid to prevent the developmental increase in trkA mRNA expression in these explants indicate that the level of endogenous retinoic acid in the early sympathetic ganglia is low but within the range that can modulate trkA mRNA expression. Perhaps a developmental decrease in the availability of retinoic acid to sympathetic neuroblasts is one of the factors that induces trkA mRNA expression during development. It remains to be ascertained whether retinoic acid is produced within the chain itself or in adjoining tissues.
In addition to retinoic acid, several other factors have been proposed to play a role in regulating neurotrophin receptor expression in sympathetic neuroblasts. The observation that depolarizing levels of KC l induce trkA mRNA expression in MAH cells, a retrovirally immortalized sympathoadrenal precursor cell line, has led to the proposal that depolarization induces TrkA expression in sympathetic neuroblasts (Birren et al., 1992) . However, in primary cultures of sympathetic neuroblasts and neurons from the embryonic mouse SCG, depolarizing levels of KCl do not increase trkA mRNA expression before, during, or after the onset of NGF dependence, suggesting that depolarization is not required for TrkA expression in normal sympathetic neurons during development (Wyatt and Davies, 1995) . Because high concentrations of N T3 increase trkA mRNA expression in sympathetic neuroblast cultures, it has been concluded that NT3 plays a key role in inducing TrkA expression in these cells during development (Verdi and Anderson, 1994; Verdi et al., 1996) . However, measurements of trkA mRNA in the SCG and thoracic ganglia of NT3 Ϫ/Ϫ mice have shown that the levels rise normally during the stage of development when the neurons of these ganglia acquire responsiveness to NGF, and by E16, when the majority of neurons have become responsive to NGF, the levels of trkA mRNA in NT3 Ϫ/Ϫ and wild-type embryos are not significantly different .
In addition to its effect on trkA and trkC expression, we have also shown that retinoic acid increases the number of sympathetic neuroblasts incorporating BrdU into their nuclei in culture, raising the possibility that retinoic acid may also play a role in regulating sympathetic neuroblast proliferation. It is interesting that the combined effects of retinoic acid on mouse sympathetic neuroblasts serve to slow down the progression of developmental changes in these cells. During the early stages of sympathetic neuroblast development, the level of trkA mRNA increases, the level of trkC mRNA decreases, and the neuroblasts stop dividing. Exogenous retinoic acid counters these changes: it inhibits the developmental increase in trkA mRNA, it increases trkC mRNA expression, and it sustains proliferation. Retinoic acid does not affect p75 mRNA expression in sympathetic neuroblasts, which express fairly constant levels of this mRNA throughout their development. Only after E17 do the levels of p75 mRNA and protein rise markedly in sympathetic neurons to approach the level of trkA mRNA in the postnatal period (Horton et al., 1997; Wyatt et al., 1997) . Because of the differences in the concentration ranges over which retinoic acid affects trk expression and neuroblast proliferation and differences in the kinds of RAR agonists that mimic these effects, it is unlikely that the effects of retinoic acid on trk expression are secondary to changes in neuroblast proliferation. Rather, it seems that retinoic acid affects both aspects of neuroblast development independently. In common with its effect on influencing the differentiation of many cell types in the embryo, our results suggest that retinoic acid plays a role in regulating the differentiation and development of sympathetic neuroblasts in the mouse embryo. Figure 6 . A, Bar chart and graph of the levels of trkA mRNA (relative to GAPDH RNA) in dissociated cultures of E13.5 SCG neuroblasts grown for 48 hr with retinoic acid at 1 and 10 nM alone or together with an RAR-␣-selective antagonist (Ro 41-5253) over a range of concentrations. The level of trkA mRNA in cultures containing the RAR-␣-selective antagonist alone is also shown. All cultures were also supplemented with 5 ng /ml NGF (control cultures received NGF alone). B, Bar chart of the levels of trkA mRNA (relative to GAPDH RNA) in explant cultures of E13.5 SCG at the time of plating (Control, 0 hr) and grown for 48 hr with retinoic acid and the RAR-␣-selective antagonist. All cultures were also supplemented with 5 ng/ml NGF (control cultures received NGF alone). The mean and SE of four separate cultures are shown for each data point.
